Although the first structures of C~10~ monoterpene[@R7], C~15~ sesquiterpene[@R8],[@R9], and C~30~ triterpene[@R10] cyclases appeared several years ago, the structure of the \"missing link\" in this series -- a C~20~ diterpene cyclase -- has remained elusive until now. Plant diterpene cyclases such as taxadiene synthase are perhaps the most intriguing because they are the largest terpenoid cyclases (800--900 residues) and they are believed to be the most closely related to the ancestral plant terpenoid synthase[@R11],[@R12]. Triple-domain plant diterpene synthases are believed to have evolved through the fusion of single-domain and double-domain bacterial diterpene cyclases, which in turn evolved from ancient progenitors[@R13].

The two distinct classes of terpenoid cyclases exhibit unrelated protein folds and employ different substrate activation mechanisms[@R14]--[@R17]. A class I terpenoid cyclase utilizes a trinuclear metal cluster liganded by conserved motifs **D**DXX**D** and (**N**,**D**)DXX(**S**,**T**)XXX**E** (boldface indicates typical metal ligands) to trigger the ionization of the isoprenoid substrate diphosphate group, which generates a carbocation to initiate catalysis. A class II terpenoid cyclase initiates carbocation formation by general acid catalysis, utilizing the \"middle\" aspartic acid in a DXDD motif to protonate an isoprenoid double bond or oxirane moiety. Taxadiene synthase lacks a DXDD motif, but contains conserved metal-binding motifs and requires Mg^2+^ for optimal catalytic activity[@R5], indicating that it functions as a class I terpenoid cyclase.

Expression and analysis of N-terminal truncation variants of taxadiene synthase revealed that deletions of 60 or 79 residues yield catalytically active proteins, whereas deletions of 93, 113, or 126 residues yield catalytically inactive proteins[@R18]. These results implicate the N-terminal segment D^80^DIPRLSANYHGDL^93^ in catalysis. The N-terminal truncation variant lacking 60 residues has been studied with deuterated[@R18]--[@R21] and fluorinated[@R22] analogues of GGPP. These studies suggest a cyclization mechanism ([Figure 1](#F1){ref-type="fig"}) in which the diphosphate leaving group, the 14,15 π bond, and the 10,11 π bond of GGPP are optimally aligned for leaving group departure with formation of a verticillen-12-yl carbocation intermediate in the first step(s) of catalysis. Conformational inversion followed by 11α, 7α-proton transfer and transannular B/C ring closure subsequently generates the taxen-4-yl carbocation, deprotonation of which yields taxa-4(5),11(12)-diene. The intramolecular proton transfer required to initiate transannular B/C ring closure occurs without the assistance of an enzyme-bound base[@R20]. The base mediating the final deprotonation step has not yet been identified.

The successful crystallization of TXS required cocrystallization with Mg^2+^ and either ACP or FGP (molecular structures are shown in [Figure S1](#SD2){ref-type="supplementary-material"}). While not active, this truncation variant is exceptionally stable and is the only form examined that yielded satisfactory crystals. Surprisingly, TXS contains three α-helical domains and harbors the folds of *both* class I and class II terpenoid cyclases ([Figure 2](#F2){ref-type="fig"}); this structure is representative of nearly all diterpene cyclases. The C-terminal domain (S553-V862) exhibits the class I terpenoid synthase fold first observed in farnesyl diphosphate synthase[@R23] and subsequently observed and designated the class I terpenoid synthase fold[@R8],[@R14] in monoterpene and sesquiterpene cyclases[@R7]--[@R9]. This fold is also observed in geranylgeranyl diphosphate synthase[@R24], which generates the substrate for diterpene cyclases. Surprisingly, the N-terminal domain of TXS (M107-I135 and S349-Q552) together with the \"insertion\" domain[@R25] (S136-Y348) comprise the double α-barrel class II terpenoid synthase fold first observed in the triterpene cyclase squalene-hopene cyclase[@R10] and later observed in oxidosqualene cyclase[@R26]. TXS shares no significant overall amino acid sequence identity with these triterpene cyclases.

Comparison of TXS with other terpenoid cyclases reveals that cyclase architecture is modular in nature and can consist of one, two, or three domains ([Figure 2](#F2){ref-type="fig"}). Bacterial and fungal sesquiterpene cyclases are single-domain enzymes that adopt the class I terpenoid synthase fold; the first such enzymes to yield crystal structures were pentalenene synthase[@R8] and trichodiene synthase[@R27], respectively. Plant monoterpene and sesquiterpene cyclases generally contain two domains: the C-terminal domain adopts the class I terpenoid synthase fold, and the N-terminal domain adopts an unrelated α-helical fold that, as first noted by Wendt and Schulz[@R14], is homologous to the N-terminal domain of the class II triterpene cyclase, squalene-hopene cyclase[@R10]. The first plant monoterpene and sesquiterpene synthases to yield crystal structures were bornyl diphosphate synthase[@R7] and 5-epi-aristolochene synthase[@R9], respectively. Most plant diterpene synthases contain three domains, with the third domain being an insertion conserved in sequence and position[@R25]. Notably, Cao and colleagues correctly predicted that this domain is homologous to the insertion domain of a triterpene cyclase based on bioinformatics analysis[@R13].

It is interesting to note that the class II triterpene cyclases squalene-hopene cyclase[@R10] and oxidosqualene cyclase[@R26] are monotopic membrane proteins: each penetrates, but does not completely pass through, the membranes in which they are localized. Their triterpene substrates (squalene or squalene oxide, respectively) are solubilized in the membrane and enter the active site cavity through a hydrophobic channel open to the membrane surface. A nonpolar \"plateau\" flanks the entrance to this channel near helix 8 in their respective insertion domains; helix 8 is quite hydrophobic in nature and likely serves as the membrane anchor ([Figure 2](#F2){ref-type="fig"}). In contrast, TXS functions in the plastid lumen, so its insertion domain does not contain the corresponding hydrophobic components.

The active site of TXS is located in the C-terminal domain and is the exclusive binding site of the substrate analogue FGP ([Figures 3a](#F3){ref-type="fig"}, [S3a](#SD2){ref-type="supplementary-material"}) and the bicyclic isoprenoid ACP ([Figure S2](#SD2){ref-type="supplementary-material"}; ACP does not mimic any intermediates in the TXS reaction, although it does mimic a common intermediate of many other diterpene cyclases). Metal-binding motifs that signal class I terpenoid cyclase function[@R15],[@R27] are conserved in TXS as D^613^DMAD and N^757^DTKTYQAE. The Mg^2+^~A~ and Mg^2+^~C~ ions are coordinated by D613 and D617, and the Mg^2+^~B~ ion is chelated by N757, T761, and E765 ([Figures 3b](#F3){ref-type="fig"}, [S3b](#SD2){ref-type="supplementary-material"}). Along with the recent observation of a trinuclear metal cluster in the active site of isoprene synthase[@R28], the structure of the TXS-Mg^2+^~3~-FGP complex indicates that three-metal ion catalysis is conserved across the greater family of class I terpenoid synthases: C~5~ hemiterpene, C~10~ monoterpene, C~15~ sesquiterpene, and C~20~ diterpene synthases.

In addition to metal coordination interactions, the diphosphate group of FGP also accepts hydrogen bonds from R754 and N757 (the latter residue also coordinates to Mg^2+^~B~) and makes water-mediated hydrogen bonds with Y688, E691, Y835, S713, R768, and Q770. It is interesting to compare the molecular recognition of the FGP diphosphate group with that of the product diphosphate group in the plant monoterpene cyclase bornyl diphosphate synthase[@R7] ([Figure S3c](#SD2){ref-type="supplementary-material"}). Most residues that assist the trinuclear metal cluster in binding and activating the substrate diphosphate group are conserved between these cyclases.

Class I terpenoid synthases undergo a significant structural transition from an open to a closed active site conformation upon the binding of 3 Mg^2+^ ions and the substrate diphosphate group, and this conformational transition helps to protect reactive carbocation intermediates from premature quenching by bulk solvent[@R15],[@R16]. While the structure of the fully open conformation of TXS is unavailable, we suggest that the structural changes observed between open and closed active site conformations in plant monoterpene and sesquiterpene cyclases are representative of those that occur in the plant diterpene cyclase TXS. For example, active site closure in bornyl diphosphate synthase[@R7] and 5-epi-aristolochene synthase[@R9] involves conformational changes of loops flanking the mouth of the active site; additionally, the N-terminal polypeptide \"caps\" each active site. Specifically, the N-terminal polypeptide binds in a groove defined by the A--C and D-D1 loops on one side, and the J--K and H-H-α1 loops on the other. Tandem arginine residues in the N-terminus of bornyl diphosphate synthase make key hydrogen bond interactions in this groove. The N-terminus of 5-epi-aristolochene synthase contains only a single corresponding arginine residue, R15, that appears to serve a similar function in the structure of the closed active site conformation[@R9]. By analogy with the structures of these plant monoterpene and sesquiterpene cyclases, R84 in the missing N-terminal segment of TXS may help stabilize the fully closed, catalytically active conformation of mature taxadiene synthase. Accordingly, the closed conformations of the J--K loop and the N-terminal segment of TXS are readily modeled based on the bornyl diphosphate synthase structure to approximate the enclosed active site contour that serves as the template for GGPP cyclization ([Figures 4](#F4){ref-type="fig"}, [S4](#SD2){ref-type="supplementary-material"}).

The active site contour of TXS encloses a larger volume in comparison with the active sites of monoterpene or sesquiterpene cyclases, which is consistent with the larger isoprenoid substrate of the diterpene cyclase. The active site cavity volumes of terpenoid synthases correlate with the hydrocarbon volume of their respective isoprenoid substrates ([Table S2](#SD2){ref-type="supplementary-material"}, [Figure 4a](#F4){ref-type="fig"}). It has been suggested[@R16] that the shape of the active site contour is more product-like for high-fidelity cyclases, i.e., those that generate a single cyclization product, whereas if the active site contour is less product-like, then a more promiscuous cyclase results that generates multiple cyclization products. For TXS, the active site volume is significantly larger than the volume of product taxadiene. This is consistent with the observation that TXS is a somewhat promiscuous cyclase, generating \~20% of the alternative isomer taxa-4(20),11(12)-diene[@R21]. Indeed, that TXS binds the bicyclic diterpene analogue ACP ([Figure S2](#SD2){ref-type="supplementary-material"}), which does not correspond to any intermediate in the TXS mechanism, clearly demonstrates promiscuity in ligand binding.

Taxadiene can fit in the enclosed active site contour of TXS with two alternative orientations ([Figure S4](#SD2){ref-type="supplementary-material"}). Each orientation leads to possible suggestions for active site bases that could function in the final deprotonation step of the cyclization cascade. Polar groups in the active site include S587, Q609, Y684, Y688, C719, and C830. While one of these residues, e.g., Y688, could conceivably function as a base, taxadiene can also fit within the active site contour such that H5β of the preceding taxen-4-yl carbocation would be oriented toward the inorganic pyrophosphate product (PP~i~) ([Figures 4c](#F4){ref-type="fig"}, [S4](#SD2){ref-type="supplementary-material"}). Thus, the PP~i~ anion could serve as a stereospecific base, suggesting the possibility for substrate- or product-assisted catalysis.

Finally, although the N-terminal domain and the insertion domain of TXS form a double α-barrel class II terpenoid synthase fold such as that characterizing the triterpene cyclases[@R10],[@R26], the characteristic general acid DXDD motif and an active site cavity are absent. Regardless, the TXS structure illuminates structure-function relationships in other diterpene cyclases that contain catalytically active class II cyclase domains. For example, consider the bifunctional diterpene cyclase abietadiene synthase from the grand fir tree (*Abies grandis*). Here, the class II terpenoid cyclase domain first catalyzes the protonation-dependent cyclization of GGPP to form (+)-copalyl diphosphate, and the class I terpenoid cyclase domain then catalyzes the ionization-dependent cyclization of (+)-copalyl diphosphate to form abietadiene[@R29]. Since the structures of abietadiene synthase and TXS are expected to be homologous based on 44% amino acid sequence identity, the protonation-dependent reaction in the class II cyclase domain is presumably catalyzed in much the same manner as for a triterpene cyclase reaction. In other diterpene cyclases such as copalyl diphosphate synthase from *Arabidopsis thaliana* (related to TXS by 31% amino acid sequence identity), only the class II terpenoid cyclase domain is catalytically active; the class I terpenoid cyclase domain is vestigial and the signature metal binding motifs are absent[@R30]. Thus, biosynthetic diversity in the family of terpenoid natural products is rooted in a \"mix and match\" evolutionary strategy with class I and class II terpenoid cyclase folds, which can evolve together or separately as needed to generate the terpenoid product(s) required by the organism.

Methods Summary {#S1}
===============

A variety of different taxadiene synthase constructs were prepared, purified, and assessed in crystallization trials, but only one proved satisfactory for crystallization. This construct, designated TXS, was one in which 107 residues were deleted from the N-terminus and a hexa-histidine tag was added to the C-terminus to facilitate purification. TXS was expressed in *Escherichia coli* BL21 (DE3) RIL cells, purified, and cocrystallized with ACP or FGP by the sitting drop vapor diffusion method. The initial electron density map of the TXS-ACP complex was phased using single wavelength anomalous dispersion. Following map fitting, refinement converged smoothly to R/R~free~ = 0.167 / 0.205. The structure of the TXS-FGP complex was solved by molecular replacement and refined to R/R~free~ = 0.187 / 0.250. Data collection and refinement statistics are recorded in [Table S1](#SD2){ref-type="supplementary-material"}.

**Full Methods** and any associated references are available in the online version of the paper at [www.nature.com/nature](http://www.nature.com/nature).

Methods {#S2}
=======

Cloning, expression and purification of taxadiene synthase {#S3}
----------------------------------------------------------

Heterologous expression of taxadiene synthase from *Taxus brevifolia* lacking the N-terminal segment M1-V79 (M79-TXS) in *Escherichia coli* was achieved at the University of Pennsylvania using previously described procedures[@R19]. We found that this protein consistently underwent degradation at room temperature and 4 °C over a period of a few days to generate a soluble polypeptide stable for at least 4 weeks. Edman sequencing (Wistar Institute Proteomics Facility) showed that this polypeptide was missing the first 29 residues. Given its exceptional stability, this truncated polypeptide was considered a good candidate for crystallization. Accordingly, the M79-TXS gene segment corresponding to an N-terminal truncation at R107 (M107-TXS) was amplified by PCR with the following forward and reverse primers with flanking NdeI and BamHI sites, respectively: GCACATATGGAGAGTTCTACTTACCAAGAAC and GCAGGATCCTACTTGAATTGGATCAATATAAAC. A variant of the pET22b vector (Novagen, USA) (pET22bTV) was created by PCR with the following forward and reverse primers with complementary flanking restriction sites: GCAGGATCCCACCACCACCACCACC and GCACATATGTATATCTCCTTCTTAAAGTTAAAC. The M107-TXS gene and the pET22bTV vector were ligated to generate a plasmid encoding the M107-TXS polypeptide with a C-terminal hexa-histidine tag (M107-TXS-CHT), which was then used to transform *E. coli* XL1Blue cells for amplification. The resulting clones were confirmed by DNA sequencing (University of Pennsylvania School of Medicine Sequencing Facility) to have only two silent mutations and no amino acid substitutions.

The M107-TXS-CHT protein (henceforth designated "TXS") was expressed using *E. coli* BL21 (DE3) RIL cells. Transformed cell cultures were grown in 2-L flasks containing 1 L Luria-Bertani medium with 100 mg ampicillin at 37 °C. At A~600~ = 0.6 -- 0.7, cultures were equilibrated at 20 °C and expression was induced by 0.25 mM isopropyl-1-thio-β-D-galactopyranoside for 16 h. Cells were harvested by centrifugation at 6000*g* for 10 min, producing \~9 g pellet per liter of culture. The pellet was suspended in 20 mL of buffer E (50 mM K~2~HPO~4~ (pH 7.5), 300 mM NaCl, 10% (v/v) glycerol, 3 mM β-mercaptoethanol) containing 1 mg/mL lysozyme and 1 mM phenylmethylsulfonyl fluoride, then incubated at 4°C for 2 h with shaking. Cells were disrupted by sonication on ice with a large probe at medium power, 6 × (30 s on + 90 s off). Cell debris was cleared by centrifugation twice at 30,000*g* for 1 h. The clear supernatant was applied to a pre-equilibrated Talon column (Clontech Laboratories, CA) at a flow rate of 1 mL/min using an ÄKTAprime plus FPLC system (GE Healthcare Bio-Sciences AB, Sweden). The loaded column was washed 3 times with 5 column volumes of first buffer E, then buffer E plus 5 mM imidazole, then buffer E plus 10 mM imidazole. TXS was eluted with a gradient of 10--200 mM imidazole in buffer E at a flow rate of 2.5 mL/min. Selected fractions were combined, concentrated to 5 mL volume, and applied to a Superdex 200 preparatory grade 26/60 size exclusion column (GE Healthcare Bio-Sciences AB, Sweden) with buffer A (25 mM 3-(*N*-morpholino)-2-hydroxypropanesulfonic acid (MOPSO) (pH 6.8), 10% (v/v) glycerol and 1 mM dithiothreitol (DTT) containing 300 mM NaCl. Fractions from this run were combined, concentrated to a 5-mL volume, and applied to the same column a second time with the same buffer. Fractions from the final size exclusion column were combined and concentrated to 8.6 mg/mL. The purity of TXS sample was 99% based on SDS-PAGE analysis. No hexane-extractable products were identified by gas chromatography-mass spectrometry analysis following incubation with geranylgeranyl diphosphate, indicating that this construct did not generate measurable amounts of taxadiene.

Crystallization {#S4}
---------------

TXS could not be crystallized in the absence of isoprenoid diphosphate ligands. However, excellent crystals resulted when the protein was crystallized in the presence of 13-aza-13,14-dihydrocopalyl diphosphate (ACP) or 2-fluorogeranylgeranyl diphosphate (FGP) and Mg^2+^ ions by the sitting-drop vapor-diffusion method at 4 °C (ligand synthesis is outlined in the [Supplementary Information](#SD2){ref-type="supplementary-material"}). To obtain the crystals of the TXS-ACP complex, a 1-µL drop of protein solution \[5 mg/mL TXS, 25 mM MOPSO (pH 6.8), 10% glycerol, 1 mM DTT, 2.5 mM ACP, 2.5 mM MgCl~2~\] was added to a 1-µL drop of precipitant solution \[100 mM Bis-Tris (pH 6.5), 25% polyethylene glycol 3350, 200 mM NaCl\] and equilibrated against a 250-µL well reservoir of precipitant solution. Prism-like crystals with rounded edges appeared within 2--3 days and grew to maximal dimensions of 50 µm × 100 µm × 200 µm in 2--3 weeks. These crystals were flash-cooled after transfer to a cryoprotectant solution consisting of the mother liquor augmented with 15% ethylene glycol. For the preparation of a heavy atom derivative for phasing, crystals of the TXS-ACP complex were soaked in a cryoprotectant solution \[100 mM HEPES (pH 7.5), 25% polyethylene glycol 3350, 100 mM NaCl, 100 mM MgCl~2~, 10% glycerol\] containing 2 mM methylmercury chloride for 22 h at 15°C prior to flash-cooling.

To obtain crystals of the TXS-FGP complex, a 1-µL drop of protein solution \[5 mg/mL TXS, 25 mM MOPSO (pH 6.8), 10% glycerol, 1 mM DTT, 2.5 mM 2FGG, 2.5 mM MgCl~2~\] was added to a 1 µL drop of precipitant solution \[100 mM HEPES (pH 7.0), 20% polyethylene glycol 3350, 200 mM MgCl~2~\] and equilibrated against a 250 µL well reservoir of precipitant solution. These crystals were flash-cooled after transfer to a cryoprotectant solution consisting of the mother liquor augmented with 10% glycerol.

X-ray diffraction data collection and processing {#S5}
------------------------------------------------

Crystals of the TXS-ACP complex and the TXS-FGP complex diffracted X-rays to 1.82 Å and 2.25 Å resolution, respectively, at the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory, beamline X-29, using incident radiation with λ = 0.945 Å and 1.008 Å, respectively. Crystals of the mercury derivatized TXS-ACP complex diffracted X-rays to 2.6 Å resolution at NSLS beamline X-25 using incident radiation with λ = 1.000 Å. All diffraction data were processed with HKL2000[@R31]. Crystals of the TXS-ACP complex belonged to space group *P*2~1~2~1~2~1~ with unit cell parameters *a* = 55.46 Å, *b* = 72.41 Å, *c* = 206.93 Å; with one molecule in the asymmetric unit, the Matthews coefficient V~M~ = 2.35 Å^3^/Dalton (solvent content = 48%). Crystals of the TXS-FGP complex belonged to space group *P*2~1~ with unit cell parameters *a* = 54.05 Å, *b* = 201.98 Å, *c* = 81.43 Å, β = 91.60°; with two molecules in the asymmetric unit, the Matthews coefficient V~M~ = 2.61 Å^3^/Dalton (solvent content = 53%). Data collection and reduction statistics are recorded in [Table S1](#SD2){ref-type="supplementary-material"}.

Phasing and structure refinement {#S6}
--------------------------------

The initial electron density map of the TXS-ACP complex was phased by single wavelength anomalous dispersion (SAD) using the 2.6 Å resolution data collected from the methylmercury chloride derivative. Initially, 6 Hg^2+^ atoms were located using the program HKL2MAP[@R32] and used for SAD phasing, search and refinement of an additional 7 Hg^2+^ sites; density modification, initial electron density map calculation, and automatic model building was performed using the AUTOSOL routine implemented in PHENIX[@R33]. This procedure built more than 50% of the protein residues into the initial electron density map, most of which were α-helices. Manual model building subsequently generated an initial model with 90% of the residues registered in the sequence. This model was used for molecular replacement calculations using the AUTOMR routine implemented in PHENIX with the 1.82 Å resolution data collected from the TXS-ACP complex. After initial rigid body refinement, iterative cycles of positional refinement, grouped and individual atomic B-factor refinement, and manual model rebuilding were performed using PHENIX and COOT[@R34], respectively. Water molecules, Mg^2+^ ions, and the ACP molecule were included in later cycles of refinement. A total of 745 of 764 residues are present in the final model of the TXS-ACP complex; disordered segments excluded from the final model include N-terminal residues M107-S110 (M107 is the N-terminus of the construct), the C-terminal hexa-histidine tag and its associated linker residues (G863-H870), and surface loop I838-A844. An electron density map of the TXS-ACP complex is found in [Figure S2](#SD2){ref-type="supplementary-material"}.

The model of the TXS-ACP complex less ligand and solvent atoms was used as a search probe for molecular replacement calculations to solve the structure of the TXS-FGP complex at 2.25 Å resolution. Rigid body refinement, positional refinement, grouped and individual atomic B-factor refinement, and manual model rebuilding were performed using PHENIX and COOT, respectively. In the final model of the TXS-FGP complex, 746 and 736 of 764 residues are present in monomers A and B, respectively. Disordered segments excluded from the final models of monomers A and B include N-terminal residues M107-S110, the C-terminal hexa-histidine tag and its associated linker residues (G863-H870), and loop I574-R578; additionally, surface loop F837-E846 is disordered in monomer B.

For both structures, data reduction and refinement statistics are recorded in [Table S1](#SD2){ref-type="supplementary-material"}. Ramachandran plot statistics, calculated with PROCHECK[@R35], were as follows. TXS-ACP complex: Allowed 93.7%; additionally allowed 5.9%; generously allowed 0.3%; disallowed 0.1%. TXS-FGP complex: Allowed 91.3%; additionally allowed 8.1%; generously allowed 0.4%; disallowed 0.1%. Simulated annealing omit maps were calculated with CNS[@R36]. Protein structure figures were prepared with the graphics program PyMol (<http://www.pymol.org>).

Model of TXS in the fully-closed conformation {#S7}
---------------------------------------------

In order to model the N-terminus and J--K loop segments of TXS in a fully-closed conformation and to calculate the active site cavity volume, the N-terminus (residues 54--81) and J--K loop (residues 574--587) segments of bornyl diphosphate synthase in its complex with 3 Mg^2+^ ions and 3-azageranyl diphosphate (PDB accession code 1N20) were \"grafted\" onto the structure of the TXS-Mg^2+^~3~-FGP complex and mutated to the corresponding residues of TXS; S110 was also introduced to account for an insertion in the sequence alignment between TXS and bornyl diphosphate synthase. The conformations of the grafted segments were then subjected to 10,000 steps of gas phase conjugate gradient energy minimization using NAMD[@R37] and the CHARMM22 force field[@R38]. During energy minimization, the grafted segments plus three adjacent residues on N- and C-terminal ends were unconstrained, while the remaining heavy atoms were fixed. Non-bonded cutoff and switch distances were set to 12 Å and 10 Å, respectively. The final structure resulting from this computation was used as the hypothetical fully-closed conformation of TXS. The meshwork representing the active site cavity of TXS was calculated with VOIDOO[@R39] using a probe with a radius of 1.4 Å to generate a molecular surface based on solvent accessibility. To study product binding orientations in the enclosed active site, a model of taxadiene was constructed based on the coordinates of the taxane core of Taxol deposited in the Cambridge Crystallographic Data Centre with accession code TEYPAO[@R40].

The active site cavity volume of TXS was compared with the active site cavity volumes of other terpenoid cyclases, their substrates, and their products ([Table S2](#SD2){ref-type="supplementary-material"}, [Figure 4a](#F4){ref-type="fig"}). All volume calculations were performed with VOIDOO using a probe with a radius of 0.0 Å to generate a molecular surface based on the atomic van der Waals radii. Because the active site of the hemiterpene synthase isoprene synthase was not fully closed due to disorder of the J--K loop, the active site contour was artificially truncated by the placement of \"dummy\" atoms to estimate the boundary of the fully enclosed cavity. We used a similar approach to model the cavity of TXS in a chemically sensible manner.
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![Proposed catalytic mechanism of taxadiene synthase\
The cyclization of GGPP to form taxadiene is the first committed step of Taxol (paclitaxel) biosynthesis in yew species (OPP = diphosphate, Ph = phenyl, Ac = acetyl, Bz = benzyl). Taxadiene is converted to Taxol through a lengthy series of oxidation and acylation steps.](nihms249210f1){#F1}

![Structural relationships among terpenoid cyclases\
The class I terpenoid cyclase fold of pentalenene synthase[@R8] (PDB 1PS1) (blue, "α-domain"[@R13]) contains metal-binding motifs DDXXD and (N,D)DXX(S,T)XXXE (red and orange, respectively); in 5-epi-aristolochene synthase[@R9] (PDB 1LZ9), this domain is linked to a smaller vestigial domain (green, "β-domain"[@R13]). A related domain is found in the class II terpenoid cyclase fold of squalene-hopene cyclase[@R10] (PDB 1SQC), where it contains the general acid motif DXDD (brown) and a second domain (yellow, "γ-domain"[@R13]) inserted between the first and second helices; a hydrophobic plateau flanking helix 8 (gray stripes) enables membrane insertion. Taxadiene synthase (PDB 3P5R) contains both class I and class II terpenoid cyclase folds, but only the class I domain is catalytically active. The role of N-termini (purple) in class I plant cyclases is to \"cap\" the active site, as shown for 5-epi-aristolochene synthase.](nihms249210f2){#F2}

![Substrate analogue binding to TXS\
**a**, Simulated annealing \|F~o~\|-\|F~c~\| omit map in which FGP and 3 Mg^2+^ ions are omitted from the structure factor calculation (contoured at 3.0σ); the side chains of metal ligands are indicated. **b**, Molecular recognition of the substrate diphosphate group in the TXS active site. For clarity, the isoprenoid moiety of FGP is truncated to one carbon (gray). Metal coordination and hydrogen bond interactions are indicated by green and black dashed lines, respectively. Atoms are color coded as follows: carbon = yellow, nitrogen = blue, oxygen = red, phosphorus = orange; Mg^2+^ ions and water molecules appear as purple or red spheres, respectively. A corresponding stereofigure is found in [Figure S3](#SD2){ref-type="supplementary-material"}.](nihms249210f3){#F3}

![Active site cavities of terpenoid synthases\
**a**, Active site volumes are generally slightly larger than corresponding substrate and product volumes, perhaps to accommodate structural changes better during the cyclization cascade. Abbreviations are outlined in [Table S2](#SD2){ref-type="supplementary-material"}. **b**, Superposition of TXS (blue) and bornyl diphosphate synthase (green) guides the modeling of the J--K loop and the N-terminal segment of TXS (red) to define the enclosed active site cavity (solvent-accessible surface, magenta meshwork). **c**, One orientation of taxadiene (blue) fits in the active site cavity such that the H5β atom of the preceding taxen-4-yl cation would be oriented toward the diphosphate leaving group, suggesting that the PP~i~ anion could serve as the stereospecific base that terminates the cyclization cascade. Three Mg^2+^ ions and FGP are shown for reference; all protein atoms are omitted for clarity. A corresponding stereofigure is found in [Figure S4](#SD2){ref-type="supplementary-material"}.](nihms249210f4){#F4}
